Export of the serotonin transporter (SERT) from the endoplasmic reticulum (ER) is mediated by the SEC24C isoform of the coatomer protein-II complex. SERT must enter the axonal compartment and reach the presynaptic specialization to perform its function, i.e., the inward transport of serotonin. Refilling of vesicles is contingent on the operation of an efficient relay between SERT and the vesicular monoamine transporter-2 (VMAT2). Here, we visualized the distribution of both endogenously expressed SERT and heterologously expressed variants of human SERT in dissociated rat dorsal raphe neurons to examine the role of SEC24C-dependent ER export in axonal targeting of SERT. We conclude that axonal delivery of SERT is contingent on recruitment of SEC24C in the ER. This conclusion is based on the following observations. 
Introduction
In the adult mammalian brain, the vast majority of serotonergic neuronal somata are restricted to tegmental and pontine raphe nuclei. These neurons produce elaborate axonal projections that innervate virtually all areas of the brain. Serotonin (5-HT) elicits its presynaptic and postsynaptic action by binding to 16 distinct G-protein-coupled/metabotropic receptors and to ionotropic 5-HT 3 receptors (Kroeze et al., 2012) . Invariably, signaling is terminated by removal of 5-HT from the synaptic cleft by the serotonin transporter [SERT; SLC6A4 (solute carrier family 6 [neurotransmitter transporter], member 4)]. SERT functions in a relay system with the vesicular monoamine transporters (in the CNS, predominantly VMAT2/SLC18A2; Kristensen et al., 2011) . This allows for efficient retrieval of 5-HT and refilling of the synaptic vesicles. Hence, the action of SERT not only shapes the duration of neurotransmission by clearing 5-HT but also determines the magnitude of the quantal signal by defining the size of the vesicular 5-HT pool. The medical relevance of SERT is obvious because the transporter is the prime target in the treatment of depression: selective serotonin reuptake inhibitors (SSRIs) are the most widely prescribed antidepressants (Kroeze et al., 2012) . SERT is also targeted by recreational drugs, i.e., 3,4-methylenedioxy-methamphetamine (MDMA; "ecstasy") and related compounds; their neurotoxic action is also contingent on their SERT-mediated accumulation in target neurons (Steinkellner et al., 2011) .
All neurotransmitter transporters are produced in the endoplasmic reticulum (ER) of the neuronal soma; for their eponymous action, they must reach the presynaptic specialization by entering the secretory pathway. The machinery that moves cargo proteins through the secretory pathway has been described previously in considerable detail (Anitei and Hoflack, 2012; Gillon et al., 2012; Zanetti et al., 2012) . However, it is not so clear where specific sorting decisions are being made, because only a limited number of cargo molecules have been investigated. Neurotransmitter transporters are a specific case in point because closely related representatives have distinct distributions: for instance, Sodium-and chloride-dependent GABA transporter 1 (GAT-1) is delivered to symmetric synapses (Radian et al., 1990; Minelli et al., 1995) . In contrast, SERT is deposited in the vicinity of asymmetric synapses, rather than within the synaptic specialization, and is found along the axonal projections at extrasynaptic sites (Zhou et al., 1998; Tao-Cheng and Zhou, 1999; Miner et al., 2000) . We showed previously that GAT-1 can only reach the presynaptic specialization if it is exported from the ER by the coatomer protein-II (COPII) machinery. Variants of GAT-1 that fail to recruit SEC24D do eventually reach the cell surface but are not specifically targeted to the axonal compartment (Farhan et al., 2004 . ER export of SERT differs substantially from GAT-1 and its closest relatives dopamine transporter (DAT) and norepinephrine transporter (NET), which all interact with the SEC24D isoform (Farhan et al., 2007; Sucic et al., 2013) : in cell lines, both endogenously and heterologously expressed human SERT is an exclusive client of the SEC24C isoform (Sucic et al., 2011) . Here, we used primary dissociated rat dorsal raphe neurons to investigate the role of SEC24C in specifying axonal targeting of SERT. Our experiments show that both endogenous SERT and heterologously expressed SERT variants do not enter the axonal compartment if recruitment of SEC24C is precluded.
Materials and Methods
Reagents. Cell culture material, supplements, and antibiotics were provided by Invitrogen. All other reagents were of analytical grade. The plasmids encoding the yellow fluorescent protein (YFP)-SERT, mCherry-SERT, YFP-NET, hDAT, YFP- SERT-607 RI  608 -AA, CFP-SEC24C,  CFP-SEC24C-796 DV/D  797 N, YFP-SEC24D-733 DV/D  734 N, YFP-SERT  K 610 Y, and mCherry-SERT K 610 Y mutants were prepared as described previously (Sucic et al., 2011 (Sucic et al., , 2013 . The plasmid coding for GFP-V-MAT2 was a kind gift from Joachim Geyer (Justus-Liebig University, Giessen, Germany) SERT Ϫ/Ϫ mice. SERT Ϫ/Ϫ mice were produced by crossing heterozygous SERT-Cre mice. These mice express Cre recombinase under the transcriptional control of the SERT promoter, leading to the loss of SERT expression on the allele in which Cre recombinase is present (Zhuang et al., 2005) . The following offspring results: homozygous SERT-Cre mice (SERT Ϫ/Ϫ ), heterozygous SERT-Cre (SERT ϩ/Ϫ ), and wild-type (SERT ϩ/ϩ ) mice. Mice were genotyped by PCR using genomic DNA derived from tail biopsies, using the following primers: SertU, 5Ј-CATCCGCACCACTGACTGACCA-3Ј (SERT forward primer); SertL, 5Ј-GGCACTAACCTCCACCATTCTG-3Ј (SERT reverse primer); and CreL, 5Ј-GAACGAACCTGGTCGAAATCAG-3Ј (CRE reverse primer).
Mammalian cell culture and transfections. HEK293 cells were maintained at 37°C in a 5% CO 2 humidified atmosphere, in DMEM supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. The cells were seeded onto poly-D-lysine-coated 15 mm glass coverslips and transiently transfected using Turbofect (Fermentas), according to the instructions of the manufacturer. The dorsal raphe nucleus (i.e., the dorsomedial B7 group of neurons under the cerebral aqueduct) was isolated from 1-to 3-d-old rat pups under a dissecting microscope (Yasufuku-Takano et al., 2008) . Cells were dissociated and cultured using a modified protocol adapted from Rayport et al. (1992) . Briefly, the dorsal raphe tissue was digested in papain for 20 min at 37°C and subsequently triturated to dissociate the cells using increasingly smaller bore pipette tips. The cells were centrifuged for 4 min at 500 ϫ g and resuspended in neuronal medium (Neurobasal A, 2% B27, 1% heatinactivated calf serum, 0.4 mM glutamine, and 50 M kynurenic acid). The neurons were then seeded onto a confluent monolayer of rat glial cells grown on 15 mm glass coverslips. Glial-derived neurotrophic factor (Millipore) was added to each culture 2 h after seeding to stimulate the sprouting and maturation of neurons. 5-Fluorodeoxyuridine was added to inhibit the proliferation of glia. After 7 d in vitro, the neurons were transfected using Lipofectamine2000 (Invitrogen).
Preparation of mouse synaptosomes. Adult mice of either sex were killed by cervical dislocation; their brains were removed immediately. The hippocampi were dissected and homogenized in ice-cold 0.32 M sucrose in PBS containing protease inhibitors (Roche Complete). The suspension was centrifuged for 10 min at 1000 ϫ g. The resulting supernatant was again centrifuged for 15 min at 12,600 ϫ g to obtain a second pellet (P2), which was resuspended in Krebs-HEPES buffer (KHB; 25 mM HEPESNaOH, pH 7.4, 120 mM NaCl, 5 mM KCl, 1.2 mM CaCl 2 , and 1.2 mM MgSO 4 ) supplemented with 5 mM D-glucose. Protein concentration was determined using the BCA protein assay (Thermo Fisher Scientific).
Preparation of cell lysates. HEK293 cells were transfected using Turbofect (Fermentas) according to the instructions of the manufacturer. Forty-eight hours after transfection, cells were washed three times with ice-cold PBS and lysed in buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% SDS) supplemented with protease inhibitors (Roche Complete) and incubated on a rotator for 30 min at 4°C. Subsequently, the lysates were centrifuged for 10 min at 13,000 ϫ g. The pellet was discarded, and protein concentration of the supernatant was measured using the BCA protein assay (Thermo Fisher Scientific).
SDS-PAGE and immunoblotting. Synaptosomal membranes or cell lysates (10 -30 g) were mixed with an equal volume of 2ϫ sample loading buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.02% bromphenol blue), denatured for 30 min at room temperature, and loaded onto a 10% SDS polyacrylamide gel. The resolved proteins were electrophoretically transferred onto Protran nitrocellulose membranes (Whatman), which were blocked by an incubation in Tris-buffered saline containing 0.1% Tween 20 and 5% bovine serum albumin for 1 h at room temperature. Incubation with primary antibodies was performed overnight at 4°C, using the following antibodies: mouse monoclonal anti-SERT H-45, goat polyclonal anti-SERT (sc-1458; Santa Cruz Biotechnology), and rabbit polyclonal anti-GFP (Abcam). The immunoreactive bands were visualized by enhanced chemiluminescence (Thermo Fisher Scientific) with horseradish peroxidase-conjugated secondary antibodies.
Immunocytochemistry and confocal microscopy. Cells were fixed using either 3.7% paraformaldehyde (PFA) for 20 min at room temperature or a solution containing acetone/methanol (1:1) for 2 min at room temperature. The cells were washed three times with PBS and incubated for 1 h at room temperature in blocking/permeabilization buffer (0.2% saponin and 5% goat serum in PBS). The cells were then incubated overnight at 4°C with one or more of the following primary antibodies in blocking buffer: mouse monoclonal anti-SERT (H-45); rat monoclonal anti-DAT antibody (MAB369; Millipore Bioscience Research Reagents); goat polyclonal anti-SERT (sc-1458; Santa Cruz Biotechnology); rabbit polyclonal anti-microtubule-associated protein 2 (MAP-2) antibody (AB5622; Millipore Bioscience Research Reagents); rabbit polyclonal anti-tyrosine hydroxylase antibody (AB152; Millipore Bioscience Research Reagents); mouse anti-tryptophan hydroxylase 2 (TPH2) antibody (MAB1488; Acris Laboratories); or rabbit polyclonal anti-VMAT2 antibody (AB1598P; Merck Millipore). The next day, the cells were washed three times in PBS and incubated for 1 h at room temperature with Alexa Fluor-conjugated secondary antibodies (Invitrogen). Cells were then washed three times in PBS before imaging. Confocal microscopy was performed under oil immersion (40ϫ and 63ϫ objectives, numerical aperture 1.4) using either a Zeiss LSM510 confocal microscope a Zeiss LSM780 confocal microscope equipped with a 32-channel gallium arsenide phosphide detector array. Captured images were analyzed using Zeiss Zen Lite 2012. Single neurons (i.e., solitary cells on a glial island) that (co)expressed constructs (i.e., wild-type or mutated versions of tagged SERT; tagged versions of SEC24C or SEC24D, tagged VMAT2) were selected to assess the trafficking of SERT and VMAT2. Images were printed, and the distribution of SERT and/or VMAT2 in the MAP-2-positive and MAP-2-negative compartment was scored by an observer who was blinded to the condition of the experiment (i.e., mutant or wild-type SERT; wild-type or dominantnegative SEC24C or SEC24D).
Results

Characterization of a monoclonal antibody directed against SERT (H-45)
A monoclonal antibody was raised by immunizing mice against a C-terminal hSERT-GST fusion protein, and the hybridoma supernatants were screened for antibodies that recognized the immunogen with high affinity. This selection led to the identification of clone H-45, which produced an IgG2b/. We used mice rendered deficient in SERT to verify that this antibody specifically recognized SERT. These synaptosomal preparations were electrophoretically resolved and probed with H-45: in membranes obtained from wild-type animals, the antibody recognized a diffuse band in the range of 75 kDa and two additional bands that migrated with slightly higher mobility (Fig. 1A , top left blot). These bands are likely to represent differentially glycosylated forms (El-Kasaby et al., 2010) . They were also recognized by the commercially available (goat) polyclonal antibody SC1458 directed against SERT (Fig. 1A , bottom left blot), but they were absent in SERT-deficient animals ( Fig. 1A , lanes labeled SERT-KO). SERT is closely related to NET and DAT; because of the small size of the rodent brainstem, serotonergic neurons are in close vicinity to other monoaminergic neurons, in particular the noradrenergic neurons. Accordingly, we also examined any potential cross-reactivity of the antibody with the other monoamine transporters by electrophoretically resolving HEK293 cell membranes expressing tagged versions of SERT, NET, and DAT. The H-45 SERT antibody recognized neither NET nor DAT (data not shown). Finally, we confirmed that the H-45 SERT antibody was suitable for detecting SERT by immunofluorescence: YFP-tagged SERT was visualized in fixed, permeabilized HEK293 cells by indirect immunofluorescence with H-45 (Fig. 1B, top , left image) and by exploiting the YFP tag. Images were captured by confocal microscopy (Fig. 1B, top) . As an additional control, HEK293 cells expressing either human DAT (DAT) or YFP-tagged NET (YhN) were fixed and stained with the SERT H-45 antibody (Fig. 1B , middle and bottom panels, respectively). The SERT H-45 antibody did neither recognize DAT (which was visualized by the rat monoclonal anti-DAT specific antibody MAB369 from Millipore Bioscience Research Reagents) or YFP-tagged NET when examined by confocal microscopy.
Characterization of rat dorsal raphe neurons
The dorsomedial portions of the dorsal raphe nucleus were dissected from the midbrain of newborn rat pups (P0 -P3), and the dissociated B7 group of serotoninergic neurons were maintained in culture. Their serotonergic nature was confirmed by a combination of immunofluorescence imaging (Fig. 2 ) and functional analyses (data not shown). TPH is the rate-limiting enzyme in 5-HT synthesis. TPH-2 is an isoenzyme of TPH, primarily expressed in the serotonergic neurons of the raphe nuclei (Walther and Bader, 2003) . Figure 2A demonstrates the colocalization of SERT (detected with the sc-1458 antibody) and TPH-2 in a rat dorsal raphe neuron. Both the H-45 SERT antibody and the antibody directed against TPH-2 are of murine origin. Hence, it was not possible to stain neurons with these two antibodies simultaneously. However, immunoreactivity detected with the mouse monoclonal SERT H-45 antibody and with the (goat) SERT SC-1458 antibody colocalized (data not shown). The mouse SERT H-45 antibody was more sensitive because it visualized the presence of SERT on thin, multi-branching neuronal extensions that were not identified by the sc-1458 antibody. Given its greater specificity (see above and Fig. 1) and sensitivity, the H-45 antibody was used in all subsequent stainings of endogenous SERT. The immunoreactivity detected by the H-45 antibody resided in an axonal compartment, because it did not colocalize with immunostaining for MAP-2 (Fig. 2B) . MAP-2 is a neuron-specific cytoskeletal protein believed to play a role in determining and stabilizing dendritic shape during neuron development. MAP-2 is used as a standard dendritic marker in morphological studies of dissociated postnatal neurons (Eriksen et al., 2009 ). These MAP-2-negative axonal arborizations contained multiple fluorescent boutons; SERT immunoreactivity was also enriched at the very tips, indicating that SERT was delivered to presynaptic specializations (Fig. 2C, bottom) . Finally, it was not surprising that the neuronal soma contained immunoreactivity for SERT (Fig.  2 A, B) , because SERT is synthesized in the ER of the soma. We also visualized VMAT2 as an axonal marker: immunoreactivity for VMAT2 was also found predominantly in the MAP-2-negative compartment (Fig. 3A) .
Restricting exogenously expressed YFP-tagged SERT to the somatodendritic compartment If a plasmid coding for an mCherry-or a YFP-tagged version of SERT was introduced into raphe neurons, the resulting fluorescent SERT protein was visualized in both the neuronal soma and the thin, multi-branching neuronal extensions (Figs. 3B, 4A ). These branches had multiple fluorescent boutons that were adjacent to coexpressed VMAT2 (Fig. 3B ), but they did not contain any immunoreactivity for MAP-2, indicating that they represented axonal arborizations (Figs. 3B, 4A) . Therefore, we concluded that heterologously expressed SERT was targeted to the same compartments as the endogenous protein visualized by immunofluorescence (Figs. 2B, 4A ). SLC6 family members contain a conserved RI/RL motif that recruits the SEC24 moiety of the COPII coat; its mutation leads to COPII-independent export (Farhan et al., 2007 , Sucic et al., 2011 , 2013 . Accordingly, we expressed YFP-tagged SERT-607 RI 608 -AA in raphe neurons. This mutated transporter was confined to the MAP-2-positive compartment (Fig. 3B) . As an alternative approach, we used fluorescently tagged dominant-negative versions of SEC24C (SEC24C-D 796 V/D 797 N) and SEC24D (SEC24D-0D 733 V/ D 734 N) that disrupt the COPII-dependent ER export of SERT (Sucic et al., 2011 (Sucic et al., , 2013 ) and of GAT-1 (Farhan et al., 2007) and NET (Sucic et al., 2013) , respectively. It is evident from Figure 5B (Fig. 5C ).
Preventing entry of endogenous SERT into the axonal compartment by dominant-negative SEC24C
The observations summarized in Figures 4 and 5 suggested that recruitment of SEC24C was required to direct exogenously expressed SERT into the axonal compartment. We verified that this . A, Rat dorsal raphe neurons were prepared and cultured as described in Materials and Methods, fixed, and stained with primary antibodies directed against VMAT2 and MAP-2. Immunoreactive material was visualized with Alexa Fluor 488-and Alexa Fluor 568-conjugated secondary antibodies. Images were captured by confocal microscopy. A merged image is shown on the right to illustrate the fact that VMAT2 is found predominantly in the MAP-2-negative compartment. B, Rat dorsal raphe neurons were cotransfected with plasmids encoding GFP-tagged VMAT2 (green) and mCherry-tagged SERT (red) and stained for MAP-2 by using an Alexa Fluor 405-conjugated secondary antibody (blue). A 3D reconstruction was generated from z stacks (slice thickness, 0.5 m) using NIH Image J (version 1.44p) to highlight the presence of both GFPtagged VMAT2 and mCherry-tagged SERT in the MAP-2-negative compartment in close proximity to each other (white arrows). Scale bars, 20 m. was also the case for endogenous SERT by resorting again to the use of fluorescently tagged, dominant-negative versions of SEC24. This approach is superior to using siRNAs because the fluorescent tag allows for unambiguous identification of transfected neurons. If neurons were transfected with CFP-tagged wild-type SEC24C, there was not any appreciable effect on the distribution of endogenous SERT: SERT immunoreactivity detected with the H-45 antibody was copiously distributed over the MAP-2-negative bouton-dotted arborizations (Fig. 6A ). In contrast, in neurons that expressed dominant-negative CFP-tagged SEC24C-D 796 V/D 797 N, SERT immunoreactivity was confined to the MAP-2-positive compartment (Fig. 6B) . Dominantnegative SEC24D was used as an additional control: expression of YFP-tagged SEC24D-D 733 V/D 734 N was readily visualized in serotonergic neurons, but it did not affect the ability of SERT to enter the MAP-2-negative axonal compartment (Fig. 6C) .
Axonal targeting of YFP-tagged SERT-K
610 Y, an SEC24D client Dominant-negative SEC24C may impinge on the formation of bouton-dotted axonal arborizations, an effect that would confound the interpretation. (Fig. 7C) . Finally, we examined the effect of dominant-negative versions of SEC24C and SEC24D on the distribution of VMAT2 (Fig. 8) (Fig. 8B) . It is evident that neither dominant-negative SEC24C nor dominant-negative SEC24D abolished delivery of VMAT2 to the MAP-2-negative compartment. Similar observations were made with the other combinations, i.e., dominantnegative SEC24C and SEC24D did not preclude axonal delivery of endogenous and heterologously expressed VMAT2, respectively (data not shown). 607 RI 608 -AA (B) using Lipofectamine2000. After 48 h, the neurons were fixed and stained for MAP-2. MAP-2 staining was detected using an Alexa Fluor 568-conjugated secondary antibody. Images were captured by confocal microscopy. YFP-tagged SERT was found in the MAP-2-negative compartment in 24 of 24 examined neurons; YFP-tagged SERT-607 RI 608 -AA was confined to the MAP-2-positive compartment in 20 of 21 examined neurons. Data are from three independent experiments (i.e., 4 individual preparations of rat dorsal raphe neurons that were independently transfected in parallel with a plasmid encoding either YFP-SERT or YFP-SERT-607 RI 608 -AA) . Scale bars, 20 m. , or mCherry-tagged SERT (mCy-SERT) and YFP-SEC24D-VN (ratio of 1:5; C) using Lipofectamine2000. After 48 h, the neurons were fixed and stained for MAP-2. MAP-2 staining was detected using Alexa Fluor 568-or Alexa Fluor 633-conjugated secondary antibodies. Images were captured by confocal microscopy. During coexpression of CFP-SEC24C-VN, YFP-tagged SERT was confined to the MAP-2-positive compartment in 18 of 21 examined neurons; in the presence of dominant-negative SEC24D, mCherry-tagged SERT reached the MAP-2-negative compartment in 16 of 18 examined neurons. Data are from four independent experiments (i.e., 4 individual preparations of rat dorsal raphe neurons that were independently transfected in parallel with a plasmid coding for a tagged version of SERT and plasmids encoding CFP-SEC24C-VN or YFP-SEC24D-VN). Scale bars, 20 m.
Discussion
Neurotransmitter transporters of the SLC6 family share a conserved hydrophobic core that is required for translocation of their cognate substrates but differ substantially in their intracellular N and C termini. The large divergence in the intracellular segments is likely to result from differences in sorting, targeting, retention, recycling, and regulatory input, for example, by protein kinases (Kristensen et al., 2011) . There are only very few conserved residues in these segments, in particular invariant proline and glycine residues. These presumably reflect constraints imposed by folding. In addition, we previously identified a conserved RI/RL/KL motif in the C terminus of SLC6 family members that was required for ER export of neurotransmitter transporters, because it supported the recruitment of the COPII components SEC24C and SEC24D (Farhan et al., 2007; Sucic et al., 2011) . This previous work also showed that GAT-1 required SEC24D to reach the presynaptic specialization of hippocampal neurons . Here we examined SEC24C-dependent targeting of SERT in neurons isolated from the midbrain raphe nuclei, i.e., the very neurons that endogenously express the transporter and that are the predominant source of 5-HT within the brain. We used three complementary approaches to confirm that axonal delivery of SERT was contingent on SEC24-dependent ER export.
(1) Heterologously expressed YFP-tagged SERT faithfully reproduced the localization of endogenous SERT and became enriched in the thin axonal arborizations that are elaborated by the raphe neurons. In contrast, heterologously expressed SERT-607 RI 608 -AA was confined to the MAP-2-positive somatodendritic compartment. This mutant fails to recruit SEC24C but eventually reaches the cell surface (Sucic et al., 2011) . (2) A dominant-negative version of SEC24C, but not of SEC24D, redirected both endogenous SERT and heterologously expressed YFP-tagged SERT to the somatodendritic compartment. This observation ruled out that the mistargeting of SERT-607 RI 608 -AA resulted from its folding deficit (El-Kasaby et al., 2010) . (3) SERT-K 610 Y, a variant engineered to become an SEC24D client, does not incur any folding problem and is functionally indistinguishable from wild-type SERT (Sucic et al., 2013) . SERT-K 610 Y was faithfully enriched in axons but was redirected to the somatodendritic compartment during coexpression of a dominant-negative version of SEC24D. In contrast, dominant-negative SEC24C did not interfere with the enrichment of SERT-K 610 Y in the axonal arborizations. Accordingly, this switch argues against a nonspecific, general disruption of axonal delivery by dominant-negative SEC24C. This is further supported by the observation that neither dominant-negative SEC24C nor dominant-negative SEC24D substantially interfered with axonal delivery of VMAT2. Neurotransmission in the brain has two principle components: (1) wired transmission is mainly accomplished by glutamatergic and GABAergic projection neu- Figure 6 . Dominant-negative SEC24C precludes delivery of SERT into the axonal compartment of rat dorsal raphe neurons. Rat dorsal raphe neurons were transfected with plasmids coding for CFP-SEC24C (A), CFP-SEC24C-VN (B), or YFP-SEC24D-VN (C) using Lipofectamine2000. After 48 h, the neurons were fixed and stained for endogenous SERT (H-45) and MAP-2. The immunoreactivity was visualized with Alexa Fluor 568-, Alexa Fluor 488-, or Alexa Fluor 633-conjugated secondary antibodies. In C, the small white arrow highlights a glial cell transfected with YFP-SEC24D-VN only. Images were captured by confocal microscopy. During expression of CFP-SEC24C-VN, SERT was confined to the MAP-2-positive compartment in 18 of 18 examined neurons; in the presence of dominant-negative SEC24D, SERT reached the MAP-2-negative compartment in 14 of 14 examined neurons. Data are from four independent experiments (i.e., 4 individual preparations of rat dorsal raphe neurons that were independently transfected in parallel with plasmids encoding CFP-SEC24C-VN or YFP-SEC24D-VN). Scale bars, 20 m. rons; and (2) monoaminergic neurons produce elaborate axonal trees that make multiple synaptic contacts and thereby support volume transmission (Fuxe et al., 2010) . Based on the current observations with SERT and our previous findings with GAT-1 (Reiterer et al., 2008) , we therefore conclude that SEC24-dependent ER export is a prerequisite for routing SLC6 neurotransmitter transporters to the axonal compartment. This is true regardless of whether the neurotransmitter transporter is part of the machinery required to predominantly support wired transmission (GAT-1) or volume transmission (SERT).
In polarized mammalian cells (i.e., epithelial cells and neurons), cargo, which undergoes anterograde trafficking, must at some point be subject to a sorting decision to reach its final destination. Basolateral and apical membranes of polarized epithelial cells are considered to be equivalent to the somatodendritic and axonal compartment of neurons, respectively. Although this is an oversimplification, it has allowed for deducing common general mechanisms. Cargo segregation can be visualized in the trans-Golgi network (Keller et al., 2001 ). This suggests that sorting decisions are being made at this level. Our observations indicate that the destination of SERT is already specified at the level of the ER. This apparent discrepancy can be rationalized as follows. Axonal sorting is, at least in part, contingent on the formation of microdomains composed of proteins and lipids, in which cholesterol and glycosphingolipids are enriched and are referred to as (lipid) rafts (Ledesma et al., 1998; Jacob and Naim, 2001 ). Fullfledged rafts are thought to assemble in the Golgi, because this is the site in which sphingolipid synthesis is accomplished. However, the ceramide precursor is generated in the ER, which is also the site of cholesterol synthesis (Hoetzl et al., 2007) . In fact, assembly of raft-like detergent-resistant microdomains has been observed in the ER, and this was required for ER export of the glycosylphosphatidylinositol-anchored cargo proteins CD59 and folate receptor-␣ (Bonnon et al., 2010) . Importantly, export of CD59 and the folate receptor-␣ was dependent on SEC24C and SEC24D (but not on SEC24A and SEC24B). Based on these observations, Bonnon et al. (2010) put forth the hypothesis that SEC24C and SEC24D preferentially export raft-associated cargo proteins and thus participate in sorting decisions. Our findings are in line with this model, because SEC24D substituted for SEC24C and supported axonal targeting of SERT provided that a point mutation was introduced in the C terminus of SERT (i.e., K 610 to Y) to convert it to an SEC24D client. Lipid rafts emanating from the ER are likely to be reshaped in the Golgi cisternae (Hoetzl et al., 2007) and thus undergo another round of sorting in the trans-Golgi network (Keller et al., 2001) . It is also worth noting that SERT partitions into lipid microdomains (Magnani et al., 2004) , requires cholesterol for activity (Scanlon et al., 2001) , and does not fold correctly in its absence (Tate et al., 2003) .
Our approach has two limitations.
(1) Cultures prepared from the dorsal raphe nuclei are enriched in serotonergic neurons, but they also contain other neurons. In fact, TPH2-positive neurons represent 70% of the total neuronal population. Thus, the heterologously expressed variants of SERT were not necessarily expressed in serotonergic neurons. However, it is worth pointing out that overexpression of the dominant-negative version of SEC24C (but not of SEC24D) redirected endogenously expressed SERT to the somatodendritic compartment (Fig. 6 B, C) . At the very least, this finding confirms that cultured serotonergic raphe neurons require SEC24C to deliver SERT to the axonal compartment. (2) Another limitation of our approach is the fact that we used neurons from developing brain. Hence, we cannot formally rule out that the targeting machinery operates in a different manner in the brain of an adult organism. Our findings point to a strategy for addressing the distribution in vivo: if the endogenous SERT gene is replaced with a version encoding SERT-607 RI 608 -AA, the resulting mutated protein is predicted to remain confined to the somatodendritic compartment and thus to be absent in the serotoninergic projection areas within the brain of an adult organism. Neurotransmitter transporters of the SLC6 family can also be found in the somatodentritic compartment of the plasma membrane, although it is less clear what their physiological role may be at this site (Kristensen et al., 2011; Colgan et al., 2012) . We also visualized SERT on the soma of raphe neurons. At the very least, the strategy outlined above allows for testing their relevance, if the mutant SERT is indeed confined to the somatodendritic compartment. The neurotoxic actions of MDMA and its congeners are, for instance, essentially limited to the axons of Figure 8 . Delivery of GFP-tagged (A) and endogenous VMAT2 (B) to the MAP-2-negative compartment in the presence of dominant-negative SEC24C (A) or dominant-negative SEC24D (B). Rat dorsal raphe neurons were transfected with plasmids encoding GFP-VMAT2 and CFP-SEC24C-VN (1:5 ratio; A) or YFP-SEC24D-VN (B) using Lipofectamine2000. After 48 h, the neurons were fixed and stained for MAP-2 (A, B) and VMAT2 (B). Alexa Fluor 568-conjugated (A) or Alexa Fluor 405-conjugated (B) secondary antibodies were used to visualize MAP-2; VMAT2 was detected with an Alexa Fluor 568-conjugated secondary antibody (B). A 3D reconstruction was generated from z stacks using NIH Image J to visualize VMAT2 containing vesicles: VMAT2 was unequivocally assigned to the MAP-2-negative compartment in 3 of 8 and 2 of 8 examined neurons coexpressing SEC24C and SEC24D, respectively. Small arrows point to VMAT2 fluorescence present in MAP-2-negative axonal extensions. Data are from three independent experiments (i.e., 3 individual preparations of rat dorsal raphe neurons that were independently transfected in parallel with a plasmid encoding CFP-SEC24C-VN or YFP-SEC24D-VN). Scale bars, 20 m.
serotonergic neurons (O'Hearn et al., 1988; for review, see Steinkellner et al., 2011) . However, MDMA treatment affects serotonergic markers (e.g., VMAT2 and SERT) in a differential manner (Biezonski and Meyer, 2010) . It will be of interest to determine whether a somatically confined SERT variant modifies the toxicity of MDMA. Similarly, the antidepressant action of SSRIs are thought to result from their action on presynaptic retrieval of 5-HT. This predicts that they should be devoid of any action if SERT is confined to the somatodendritic compartment. These issues are currently being addressed.
